A special kind of flat plate collectors was examined in detail through CFD analysis. The distinctiveness of the current model has to do with the piping system was applied which is a serpentine flow conduit. The operation of the collector was examined at four different inclination angles (0°, 15°, 30°, and 45°) 
Introduction
A significant proportion of the energy consumed for fulfilling needs of modern societies is being covered from solar energy via a big range of systems. The simplest of them is the solar domestic hot water system and the most economical way to implement it is to use flat plate collectors (FPC).
An FPC is a special form of heat exchanger that collects the heat coming from the Sun in the form of radiation through a highly absorptive surface and conveys it into the working medium. The last one (water, air, oil) circulates either naturally or forcibly and can be used directly for consumption, for space heating, in an absorption cooling cycle or finally goes into a secondary heat exchanger where it conveys its heat to the fluid we want to warm up. Greenhouse effect takes place in the collector's spacing resulting in the entrapment of the long wave (thermal) radiation. Some of the incident (high frequency) solar radiation is being reflected from the plate
Mathematical bases
In this section the main equations [25] that describe the heat transfer between the parts of the collector as well as between the collector and its environment are presented, in order to understand the system's thermal behavior and the methodology is going to be used in the following analysis.
Equation (1) expresses the heat the water absorbs while eq. (2) provides the overall heat loss coefficient. The top and overall heat losses are given in eqs. (3) and (4) while eq. (5) shows the collector's efficiency. Equation (6) gives the radiative view factor between the plate and the cover [27] :
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The study case A FPC with a serpentine flow system is simulated and analyzed in detail, fig. 1 . The external dimensions of the collector are 1111 × 443 × 96 mm while the height of the air-gap takes the value of 43.3 mm. The design and the components of the examined collector are depicted in fig. 1 . Table 1 gives the material as well as the basic dimensions of the parts that compose the collector while the main properties of the three basic collector's components (cover, absorber and tube, insulation) are shown in tab. 2.
The problem's data are given in tab. 3. At this point it is essential to mention the assumptions were made, so as to simulate the operation of the collector properly.
First of all, the water flow is considered as laminar, due to the low velocity fields are developed inside the tube, and fully developed, given the small tube diameter relatively to its length. In addition, the optical gain, (τα), as well as its surcharge, 0.01(τα), which is taken because of the multiple reflections of the thermal radiation that occur between the cover and the absorber [26] , are defined exclusively from the plate's absorptance coefficient. So, it holds that α sim = 1.01(τα) = 0.9. Figure 2 gives the efficiency and the collector's losses as a function of the variable
Results

Efficiency of the collector
From fig. 2 (a) it is obvious that the collector's efficiency decreases by increasing the inlet water temperature, T i , given that this increment makes indirectly the overall heat losses greater (via T p increment) and as a consequence causes reduction of the useful energy, Q u . 
Overall heat loss coefficient's curve
In fig. 3 that follows two curves of the U L coefficient as a function of the inlet water temperature, T i , are presented.
The red curve (1) comes from the first part of eq. (2), while the purple (2) one results from the Cooper and Dunkle assumption via the eq. (7), where a and b are taken from the second order trendline's equation of the efficiency curve:
As we can see from fig. 3 there is not a significant difference between these two curves (5% mean divergence) something that reveals how sufficiently the examined physical problem has been approached. In addition, we observe that the U L coefficient increases with the inlet water temperature, something perfectly reasonable given the collector's components temperature increment.
Water, plate, cover, and air temperature curves Figure 4 depicts the inlet and outlet water temperature curves as well as the average temperature curves of the absorber plate, the inner tube's wall, the water, the cover and the enclosed air as a function of the (
From fig. 4 (a) it becomes obvious that the depicted curves converge as the inlet water temperature, T i , becomes greater. This happens because the hotter the inlet water is the less the heat it gets from the plate due to the increment of the overall heat losses, eq. (1).
As far as fig. 4 (b) is concerned we observe that the curves of T c , T ai , and T p diverge among them, something that has to do with the convection that occurs inside the gap as well as with the fact that the cover contacts directly to the cold, relatively to the collector's temperature fields, outer air which does not allow to its temperature rising up rapidly, due to the losses that it adds. It is, also, evident that the T p -T f temperature difference is getting lower as the inlet water temperature increases. This reduction represents the reduction of the useful energy, given that the last one can be expressed via this temperature difference, according to eq. (8) that is presented next: 
The heat transfer coefficient between the water and the tube, h f , is getting greater as the water temperature increases. If we, also, take into consideration the reduction of the temperature difference T o -T i we conclude that T s -T f cannot but being reduced. Hence, T p -T f is being reduced too, since T p and T s converge as T i takes higher values.
Water to tube heat transfer coefficient
Given the inner tube wall temperature, T s , that results from the simulation, it is possible to calculate the water-tube heat transfer coefficient, h f , via eq. (8), solving for h f : Figure 8 results from eqs. (9) and (10) as this is presented as:
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The eq. (10) can be applied not only for curved tubes but also for piping systems that include bends [11] .
As we can see from fig. 5 that follows the h f coefficient increases with T i as it was expected. It is, also, observed that the simulation curve approaches sufficiently the theoretical one. More specifically, the theoretical values diverge 12.5% on average from the simulation's ones while the difference between them seems that remains constant as T i increases.
Tube's centerline water temperature and secondary flows in the bends for T i = 30 °C
In the fig. 6 the water temperature differentiation on the centerline of the tube, T f_center , with the tube's length is presented. As it can be seen from fig. 6 the temperature is getting higher gradually at the straight parts of the tube and rapidly at the bends.
These two phenomena are depicted clearly at the following diagram where the temperature fields at a straight part and a bend of the serpentine tube are provided. 
From fig. 7(a) it is observed that the water temperature appears a lag in its increment since its increasing rate is getting higher as we move to the outlet of the straight part. This happens because the heat transfer from the water that wets the tube's walls to the water in the center of the tube requires time to be occurred. Τhe temperature at the entrance seems that decreases due to the flow regime that prevails at the exit of the bend which precedes. Figure 7 (b) shows that the water temperature at the center of the bend increases rapidly while the temperature of the water that wets the walls decreases until approximately the middle of the bend and then rises as the water is been directed to the exit. 
At first sight this phenomenon seems to be complex and difficult to be explained. However, the answer is hidden behind the flow regime that prevails inside the bend. This regime is defined from the secondary flows that take place in there as these are depicted at fig. 8 .
Hence, the cold water of the center goes to the walls and the hot water near the walls goes to the center. According to fig. 8 , the whole phenomenon appears higher velocity fields as we go to the exit, while the vortices seem to become weaker since their cores approach the walls. These secondary flows are being occurred due to the fact that as the water enters the bend the pressure is getting higher at the outer side of it and lower at the inner one due to the inertia forces that exist which are bigger than the viscous ones. This causes the movement of the water particles at the transverse (to the main flow) direction and as a consequence results in the formation of two counter-rotating vortices, the so-called Dean Vortices [28] , as these are depicted previously, fig. 8 . 
Natural convection in the gap for zero slope
Plate to air and plate to cover heat transfer coefficient (h p-ai, h p-c ) Figure 9 (a) that follows results from the simulation and shows the function of plate to enclosed air heat transfer coefficient in terms of the inlet water temperature, T i .
The plate to cover heat transfer coefficient, fig. 9 (b) is being calculated through eq. (3) solving for h p-c as:
The particular coefficient is, also, compared to the Buchberg's as well as to the Hollands solution according to the next equations: 
From fig. 9 (a) it is observed that the convection in the plate-air interface becomes weaker with T i increment and stable for T i ≥ 30 °C. This phenomenon has to do with the way that convection occurs between the air and the plate. In particular, there are two driving forces that contribute in the plate to air convection. The first one is the T p -T c temperature difference that causes the transversal convection (air movement from plate to cover and conversely) while the second one is T p_max -T p_min which in turn causes the longitudinal convection (air movement from the coldest part of the collector to the hottest and conversely). The last one is getting weaker by increasing T i due to the reduction of T p_max -T p_min while the first becomes stronger due to the T p -T c increment. This two phenomena seems to cancel each other in the plate-air interface for T i ≥ 30 °C. So, fig. 9(a) depicts the effect of the combination of these two convections on plate to air interface.
We observe, through fig. 9(b) , that the present simulation approaches sufficiently the other two solutions. In particular, the mean divergences are 7% from Buchberg's and 14% from Hollands solution. It is, also, obvious that the h p-c coefficient increases something that happens due to the increment of the plate to cover temperature difference which makes the Nusselt number higher through the Raleigh number as T i increases. 
Diagrams and allocations for T i = 30 °C and β = 0°, 15°, 30°, and 45°F
igure 10 depicts how h p-c , h p-ai and the efficiency, η, change as a function of the inclination angle.
As it is depicted on fig. 10 (a) the heat transfer coefficients are getting reduced as β increases. This happens due to the fact that as the slope becomes greater the natural convection is getting weaker because the hot air is being trapped near to the higher part of the gap while the cold one stays down. From fig. 10(b) it is obvious that the greater the tilt is the more efficiently the collector operates something that occurs due to the reduction of the top heat losses which in turn is caused from the plate to cover heat transfer coefficient reduction as we saw in fig. 10(a) .
At the fig. 11 the air temperature distribution at the cold part of the collector is depicted as a function of the inclination angle.
As we can see from fig. 11 the air temperature in this specific area of the collector is getting reduced as the slope becomes greater because the cold air is being increasingly gathered at the bottom of the gap. Figure 12 depicts how natural convection takes place in the gap. The hot and the cold air is directed to the cover and the plate, respectively, as it was expected leading to the formation of several vortices inside the gap. Figure 13 that follows depicts the absorber's temperature range from the inlet to the outlet. From fig. 13(a) it can be seen that the plate temperature is getting higher as the water is been directed from the inlet to the outlet of the collector in the Y-direction. This happens because the warmer the water is the less the heat is taken from the plate. It, also, becomes obvious, figs. 13(a) and 13(b) that the plate temperature between two straight serpentine segments takes its lower values near the tube and its higher ones approximately at the middle of the distance between the segments, something that declares the role the water plays in the specific case which is none other than a heat sink hole.
Conclusions
In this paper the thermal operation of a serpentine FPC was examined while the flow and the convection regime inside the tube and the gap were determined and analyzed in detail. Next the most important concluding remarks resulted from this study are reported. y The water to tube heat transfer coefficient, fig. 5 , was validated and found to diverge from theory approximately 12.5% on average. y Figure 6 declares the existence of the secondary flows which are caused by the inertia forces exerted on the water as this enters the bend owing to the abrupt direction change. y The air circulation inside the gap is a combination of the transversal and the longitudinal convection which resulted from T p -T c and T p_max -T p_min temperature differences, respectively. y The plate to cover heat transfer coefficient, h p-c , increases with T i because the T p -T c temperature difference is getting greater while the mean divergence of it from Buchberg's and Hollands solutions was 7% and 14%, respectively, fig. 9 (b). y The inclination angle, β, plays a significant role at the efficiency of the collector since its increment results in a lower convection regime inside the gap, fig. 10 (a), and as a consequence a greater efficiency can be achieved, fig. 10(b) . y As the slope increases the hot air to cover interface becomes smaller and as a result less hot air is being cooled from the cover. This in combination with the entrapment of the hot and the cold air at the higher and the lower part of the collector respectively due to the gravity forces, fig. 11 , causes the suppression of the convection inside the gap.
Acknowledgement
The first author would like to thank Bodossakis Foundation for its financial support. 
